The absorption spectra of evaporated thin films of all rubidium and cesium halides in the 50to 250-eV region are reported. In this range, transitions from the 3d shell of Rb' and from the 4d and 4p shells of Cs can be seen, as well as some transitions from inner shells of the halogen ions. Besides the absorption fine structure near the threshold for inner-shell transitions, broad absorption structure is observed and explained as due to d f continuum transitions. The number of effective electrons whose oscillator strength has been exhausted in our spectral region has been computed from the absorption data; it is particularly strong for materials containing either Cs or I. Differences in the spectra of materials with NaCl and with CsCl structure are discussed. The measurements were performed using the DESY electron synchrotron as a light source.
I. INTRODUCTION
The electronic optical properties of the alkali halides have been studied experimentally and theoretically for many years. These studies have been concerned both with the behavior of pure crystals' and with the additional effects produced by defects and impurities.
Most measurements were performed using conventional absorption techniques.
Measurements of the spectral yield for photoelectric emission and the energy distribution of the photoemitted electrons have also contributed to our knowledge of the electronic structure of the alkali halides.
More recently, transmission and reflection' modulation experiments and two-photon absorption spectroscopys have appeared as valuable techniques for studying these materials.
The alkali halides consist of ions with closed outer electron shells, and therefore the pure crystals (which will be exclusively considered in this work) only begin to absorb in the uv, at about 6 eV.
LiF has actually a band gap of about 12 eV. Most of the reported measurements have been made in the uv and vacuum-uv range up to 25 eV. They cover transitions with initial states in the valence bands (outermost shells of the halogen ions). Whereas the pioneering investigations of the Hilsch-Pohl school7 were done by absorption spectroscopy of thin films, recent measurements of the reflection spectra of single crystals ' seem to show more details, thus indicating some sensitivity of the observed structure to crystalline perfection. Beside optical studies, electron energyloss measurements"' also allow the evaluation of the optical constants of the alkali halides in the energy range up to 20 eV. While simple charge-transfer models and atomic considerations were used for the earlier interpretation of the experimental data, the recent availability of calculated band structures for the alkali halides makes a detailed interpretation of the observed spectra in terms of these band structures highly desirable. Such interpretation has proven very successful for covalent materials. ' The existence of strong clearly identifiable exciton effects at the threshold for interband transitions raises the question of how much of the observed optical behavior can be related to one-electron interband transitions.
This question will not be answered until reliable calculations of optical constants from the one-electron band structure become available. ' In the meantime, an attempt is usually made to classify the excitons into Wannier (hydrogenic) series tied to a given interband critical point. The onset of interband transitions is then viewed as the convergence limit of the exciton series. Band calculations have been performed for RbF, " RbC1, RbBr, '8 RBI, ' CsF (all with the rocksalt structure), "'8 and for CsI (with both the rocksalt and the CsC1 structure). ' ' o All these calculations show the bottom of the conduction band at I". The wave functions at this minimum, with I', orbital symmetry (I'6 double-group symmetry), are mostly composed of s-wave functions of the metallic ion. The top of the valence band occurs also at I'; it has I", 5 orbital symmetry (I'8 double group) and corresponds la.rgely to Pwave functions of the halogen ion. The spin-orbit splitting of the I'» states into I & and 1"6 is close to the corresponding splitting of the halogen ion; approximately 0. 05 eV for F, 0. 1 eV for Cl, 0. 5 eV for Br", and 1.0 eV for I . According to these considerations, the lowest-energy peak observed in the spectrum of the Rb and Cs halides is generally interpreted as an exciton formed from the upper (I'8) branch of the I",~valence bands and the bottom of the conduction band (I'6 ). In the fluorides the spin-orbit mates (I'8-I'6) are very close together and therefore the I"8-I'6 splitting cannot be resolved: In the chlorides this splitting can easily be seen at low temperatures.
In reflection measurements on single crystals of the bromides and iodides, a much smaller second peak has been recognized after the first peak '; it has been interpreted as the n = 2 member of a Rydberg series ' associated with the I"8-F6 band edge:
where E"is the energy of the nth exciton, Eo is the energy of the series limit (the band-gap energy), and G is the binding energy of the first exciton.
The observation of higher (m &2) excitons in thinfilm absorption has only been possible for RbI.
In contrast, for the solid rare gases 6 materials with otherwise similar optical propertiesexciton series with members up to n = 4 have been easily observed.
For the bromides and iodides, the spin-orbit splitting is big enough to shift the I 6-I 6 exciton into a region where other peaks, apparently not related to the I'»-I'& edge, can be seen. In this case, the identification of the high-energy component of the 1"»-I', exciton among the other neighboring structures is not always possible without being ambiguous.
For instance, in RbI, Baldini and Bosacchi first interpreted a peak at 6. 6 eV as an exciton, related to band edges at X and later as a spin-orbit mate of the I'~-X"6 exciton because of its temperature behavior.
The original identification of excitons tied to interband critical points at L made by Phillips seems to have been abandoned in favor of X excitons. Frohlich and Staginnus have been able to identify, with the aid of twophoton spectroscopy, excitons related to the lowest X critical point in CsI (with CsCl structure). Such transitions are forbidden in conventional onephoton spectroscopy because of parity'; they become allowed as two-photon transitions, since the parity-selection rule is reversed (initial and final states must have the same symmetry). The twophonon X exciton occurs at 6. 25 eV in CsI, between the I', -I' 8 and its spin-orbit mate (I"6-I'~).
The I'8-I 6 interband transition is forbidden for two photons, but it becomes weakly allowed when considered as an exciton for n~2; as such it has also been observed in two-photon spectroscopy.
The two-photon absorption edge is shifted with respect to the one-photon edge by the n = 1 -~= 2 exciton energy difference. for Na' and 60 eV for Li'. The limitation in the resolution of measurements above 10 eV, such as those of Saito et al. , 3 is due to the sources commonly used in these experiments. The source problems become more and more severe the higher the photon energy. The intensity of discharge sources usually decreases with increasing photon energy; the line density of multiline sources becomes smaller. For measurements in the photon energy range above 10 eV the ideal source is the synchrotron radiation from high-energy electron synchrotrons and storage rings. "
In this paper we report the absorption spectra of the Rb and Cs halides between 50 and 250 eV. As shown in Fig. 1 , mainly transitions with initial states Bt the outermost d subshells of Rb', Cs+, Br, and I are expected in this photon energy range. We have also observed transitions from the P levels of the same shell of Cs'. The samples were thin films vacuum deposited onto thin carbon substrates. It is not possible to obtain single crystals thin enough to perform absorption measurements in this region. While single-crystal measurements would be possible by reflection, the ref lectivity of the alkali halides between 50 and 250 eV is too small (& 1/o) to perform accurate measurements.
Consequently, reflection corrections can be neglected in transmission work. From our knowledge of the width of the valence excitons in thin films, it is possible to say that the width of the rather broad peaks observed between 50 and 250 eV is not due to crystalline disorder. Absorption measurements should also be more accurate in this region than electron energyloss measurements. The Section IV gives a discussion of the fine structures near threshold as well as a discussion of the characteristic continuum absorption related to the so-called delayed onset of the d-f tl ansit1. ons.
II. EXPERIMENTAL PROCEDURE
The thin-film absorption measurements were performed using the 7. 5-GeV electron synchrotron DESY as the radiation source. The experimental arrangement is described to some extent elsewhere.
The light coming from the synchrotron passes through a beam pipe of approximately40-m length and is then focused by a concave mirror into the entrance slit of a grazing incidence monochromator. For the measurements between 50 and 200 eV, a gold-coated grating with 2400 lines/mm and a blaze angle of 4'16' was used in first order with an angle of incidence of 12'30'. An Al filter was used to cut off higher spectral orders below 72 eV. For the range between 150 and 250 eV, a 2600-lines/mm grating was used with a blaze angle of 3 8' and an angle of incidence of 3'50'.
The wavelength resolution of the instrument was 0. 1 A over the entire energy range. The detector was a Bendix M 306 open magnetic electron multiplier.
The signal from the photomultiplier, placed behind the exit slit, was fed into the F channel of a XF potentiometric recorder whose reference sig-nal was proportional to the current in the aeeelerator, thus compensating for current fluctuations.
The X axis of the recorder received a voltage from a potentiometer linked to the wavelength drive of the monochromator. The samples were mounted in front of the focusing mirror. Some samples were prepared by evaporation from A1203-covered molybdenum baskets in situ, mhile others were prepared eg situ and then transferred to the sample chamber. In situ preparation w'as especially convenient for the very hygroscopic materials such as RbF and CsF. W'ith both preparation methods the film thickness wa. s determined with an oscillating quartz calibrated by Tolansky interferometry.
The accuracy of the thickness determination is estimated to be about + 20%. No differences have been found for samples prepared by either procedure, provided the sa,mples deposited eg situ are kept exposed to the atmosphere for only a short time. can be seen by the appearance of fine structure near 110 eV. In RbF (Fig. 2) and RbCl (Fig. 3 ) the fine structure is sitting on an absorption continuum, which must still be due to transitions of outer electrons (valence band, Rb' 4P and 4s shells) into higher-energy states of the conduction band.
The additional absorption due to transitions from the 3d shell reaches in the first maxima about 30% of that in the underlying continuum. The fine-structure region extends over about 20 eV, followed by an increasing absorption continu- 
Cs Halides
The corresponding spectra of the Cs halides are shown in Figs. 6-9. The Cs' 4d threshold occurs at about 78 eV and can clearly be seen in CsF (Fig. 6 ) and CsCI (Fig. 7) . As in the Rb halides, the fine structure (A~, B~, ... ) is superimposed on an absorption continuum of outer-shell transitions. For all Cs halides we encounter 4d transitions and, as in Rbl, the continuum absorption above the Cs threshold is very strong (5&&10' cm ). In CsBr (Fig. 8 ) we see first the Br 3d structure (B~, C~, ... ) near 70 eV followed by the Cs' 4d structure at 80 eV. The absorption continuum of the 3d transitions of Br" does not much influence the Cs' 4d absorption, in sharp contrast to CsI (Fig. 9 ) where the Cs' 4d threshold is situated on the I 4d continuum (threshold at 50 eV). Again the oscillator strength of the additional Cs' 4d fine structure in CsI is not smaller than in the other Cs halides but more difficult to detect because of the strong I -continuum absorption on which it is superimposed. On the high-energy side of the d-f peak, we see another onset of fine structure due to transitions from the Cs' 4p shell (A'~). Figures 6-9 only cover the spectral range up to 160 eV, where the onset of 4P transitions takes place. Details of the Cs' 4p structure at higher energies are given in Fig. 10 tribution of transitions below 50 eV ean be estimated with the standard free-electron expression (n'=1 -~~/ &o'); it is also small. As suggested earliex, n can be taken equal to 1 for the purpose of evaluating Eq. (1).
B. Fine Structure of Rb Halides

Rb' 3d Transitions
The transitions from the Rb'3d subshell, which have their onset at about 110 eV, exhibit considerable fine structure [shown in Fig. 2 as for RbF, Fig. 3 for RbC1, and Fig. 4 for Rbar and labeled 8"', C~, ... ]. The positions of these peaks are listed in Table III . The corresponding spin-orbit splitting can be estimated to be 1.67 eV by interpolation between the values calculated by Herman and Skillman for Kr(1. 4 eV) and Sr (1.96 eV).
The actual value of the 3d spin-orbit splitting of Rb Qlay actually be smallel . The value exper1mentally determined for gaseous Kr by Codling and Madden ' is 1.22 eV, which is 0. 18 eVsmaller than the calculated one. We shall therefore reduce the calculated spin-orbit splitting of Rb by 0. 18 eV, thus obtaining an estimate of 1.5 eV. An inspection of the peak positions listed in Table III suggests that the pairs (B~, C~), (D~, E~), and perhaps (E~, Gd'"), with a separation of about 1. 5 eV, are spin-orbit mates. The same conclusion applies to the (8"', C"') and (D~, E J) pairs of RbBr.
In RbF the peaks observed are much broader (-3 eV width) than for RbCl and RbBr and hence the spin-orbit structure is not resolved. The reason for the larger width in RbF is not clear, but it may be related to a greater amount of crystalline disorder associated with the higher melting point of the material (175 'C for RbF, 715 'C for RbCl, 682'C for Rbar, 642'C for RbI; the substrates mere kept at room temperature during the evaporation) or with the highly hygroscopic char-aeter of RbF. No structure related to the Rb 3d levels has been observed in the 110-120-eV region for RbI. This fact is undoubtedly due to the stx'ength of the I 4d continuum. The strength of the Rb 3d transitions should be weak with respect to the continuum and, at the same time, their linewidth should be large because the Rb 3d transitions must occur at the high-energy side of the maximum in the continuum.
This last fact provides a decay channel with a high density of states.
While the identification of spin-orbit mates given above is rather plausible, any further steps towards interpreting the fine structure of Figs.
2-5 must be taken, at present, on rather shaky grounds. The first question that one must consider is whether the structure ean be interpreted in terms of one-electron band theory (density of conduction states &&oscillator strength) or whether it is necessary to invoke many-body effects such as exciton interaction. It is knomn that final-state Coulomb interaction between excited electron and hole left behind can play an important role in determining the absorption structure caused by valence electrons, especially at the fundamental edge but also at higher energies.~' In the case of metals, such interaction is responsible for the sharp structure observed for transitions from core levels to the Fermi surface.
The width of the lines shown in Figs. 2-5 (the same conclusion applies to fine structure discussed later) is of the order of the width of structure in the one-electron density of states (-1 eV), M and hence it is highly questionable whether the exciton interaction plays a significant role in detexmining the experimental spectra. Unfortunately, whereas a large number of band-structure calculations have been performed for the alkali halides, " 30 the density of stateslet alone matrix elements for core transitionshave yet to appear. A comparison of such calculations with the experimental data should solve the question of the significance of exciton interaction in determining the line shapes. We should point out that Klima' has calculated x-ray emission spectra for Si (1s, 2p) and Ge (1s, 2p, Sp) and found good agreement with experiments. Evidence of excitonic effects has been obtained in NaCl from energy distribution measurements of photoemitted electrons excited from the Na' 2P shell. '
We shall make a crude attempt, however speculative, to assign observed structure to critical points in the calculated conduction bands. Such an assignment would remain valid in the presence of exciton interaction, provided such interaction does not completely scramble the calculated 'bands and one can still talk of excitons "tied" to certain interband critical points. Our work can be put on Fig. 11 the band structure of RbBr calculated by Kunz. The bottom of the conduction band, having s character, should not give significant interband structure for transitions from d levels. One may expect, at most, a weak forbidden exciton if the Coulomb interaction mixes a significant amount of p-like wave functions. ' Such a forbidden exciton is not RbBr RbF TABLE III. Energy (in eV) of the peaks observed in the absorption spectra of the Rb halides at room temperature. The energy of the corresponding free-atom levels referred to vacuum is also given FIG. 11. Band structure of RbBr according to Kunz (See Ref. 16) . seen for the Rb 3d structure but it may be the weak A~peak discussed latter for Cs, and Br, and I. Fig. 11 . These states are composed of an admixture of p-wave functions of both constituent atoms, with a slight predominance of the metallic component. Hence it is not unreasonable to assign the two groups of structure to these conduction states or to averages of the bands around these states produced by exeiton interaction.
Transitions from Halogen Ion
Fine structure, obviously related to the Br 3d levels, is seen in Fig. 4 between 70 and 80 eV. This structure is very similar to that observed for KBr. ' While Fig. 5 does not show any Rb'related structure, it shows structure related to the 4d levels of I" between 50 and 60 eV. This structure also has a striking similarity with that reported for KI. " As usual, we dispose first of the relatively simple question of the spin-orbit splitting. The spin-orbit splitting of the 4d levels of I, derived by interpolation between the calculated values» for Xe (2. 15 eV) and Te (1.59 eV) is 1.8V eV. %'e lower this value to 1.7 eV because of the discrepancy between the calculated and the experimental (1.93 eV) splitting of Xe. 4' Similar procedure yields a splitting of about 1.0 eV for the 3d levels of Br . We thus find plau- This fact is also suggestive of an origin related to the X4-X, ' states of Fig. 11 , Similar identification, while not so clear, is also possible in Fig. 5 .
We have already mentioned the similarity of the Br 3d and I 4d peaks of Rb and K halides. A close similarity also appears in the conductionband structures calculated for KBr and RbBr, '6 KCl5 and RbCl, KF and RbF, and, to a lesser extent, KI and RbI. '~T he conduction-band structures of the corresponding Na and Li halides are considerably dnferent. "'""" Such differences must be due, at least in part, to the absence of d states in the cores of Na and Li, which affects the orthogonal zation of the d-like conduction electrons. Those similarities also appear in the Cl 2P transitions of KC1 and RbCl (at about 200 eV)'» and in the F ls transitions of KF and RbF (at about 680 eV)'7; the corresponding spectra of the Li, Na, and Cs halides are quite different. The differences in the Cs halides may be attributed, except for CsF, to the different crystal structure. A close similarity in the spectra of the K and Rb halides also appears for the valence-band transitions.
C. Fine Structure of Cs HaHdes
The fine structure of the 4d spectra of the Cs halides is shown in Figs. 6-9 and their inserts.
Fine structure of the 3p transitions of Cs' is shown in Fig. 10 .
Cs' 4d Transitions
The transitions from the Cs' 4d subshell shown in Figs. 6-9 have their onset at approximately 80 eV. This structure shows less detail than the Rb' 3d transitions, probably because of the stronger related d f continuum of Cs'. Three strong peaks (B~', C»', E~') are seen, together with a certain amount of weaker structure. For a tabulation of the peak energies, see Table IV. With the usual procedure, we estimate the spinorbit splitting of the Cs' 4d levels to be 2. 3 eV. Hence the B», C» pair of CsF {2.7 eV), CsC1 (2. 2 eV), CsBr {2.1 eV), and CsI (2. 1 eV) can be ldentlf led as spin-olblt mates. A Irate fol the Il "' peak cannot be found unambiguously. The splitting between the B~a nd F "' peak may be susceptible of an interpretation similar to that given for the Rb' 3d peaks but not enough information 180.9 + 0,5 about the ionic composition of the X states is available to make a detailed identification. The weak A"' peaks may be related to forbidden excitons tied to I",.
It is interesting to point out that the (A~, B~, ... ) peaks move to higher energies in going from CsI to CsCl, as usual. However, the next step, that to CsF, brings a decrease in energy which must be related to the different crystal structure of Csp (rocksalt, fcc) and the remaining Cs halides (simple cubic). It has been also shown that the fundamental edge of CsCl, " Csar, and CsI" oc-curs at lower energy when crystallized in the metastable rocksalt structure.
An interesting feature of the optical structure in Figs. 5-9 is the I"' and J~' peaks at about 93 and 96 eV. Similar values, although of weaker structure, have been observed for Xe --15 eV above the 4d threshold.
It has been interpreted as a double excitation; a 4d core electron and a 5p valence electron of Cs' are excited simultaneously by a photon. The threshold for the 5P excitation of Cs'is 13.0 eV. ' ' Thus, the structure at 92-96 eV could be attributed to this mechanism.
I. INTRODUCTION
In the calculation of properties of trapped-electron defect centers in crystals one finds it necesary to consider the effect of the electron-phonon interaction upon the system both directly, through its effect upon the energy eigenvalues and eigenstates, and indirectly, through its effect on the thermal averages of observables. If one assumes the electron-phonon interaction Hamiltonian tohave the usual form, linear in the phonon coordinates, then this interaction Hamiltonian can be divided
